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a b s t r a c t
We review ten historical Enhanced Geothermal Systems (EGS) projects and ﬁnd that typically, during
injection: (1) ﬂow from the wellbore is from preexisting fractures, (2) bottomhole pressure exceeds the
minimum principal stress, and (3) pressure-limiting behavior occurs. These observations are apparently
contradictory because (1) is consistent with shear stimulation, but (2) and (3) suggest propagation of
new fractures. To reconcile these observations, we propose that, in many cases, new fractures do not
form at the wellbore, but away from the wellbore, and new fractures initiate from open and/or sliding
natural fractures and propagate through the formation. Fracture initiation from natural fractures is aided
by concentrations of stress caused by the fractures' opening and sliding. The propagating fractures may
terminate against natural fractures, forming a complex network of both new and preexisting fractures.
We perform computational modeling with a discrete fracture network simulator that couples ﬂuid ﬂow
with the stresses induced by fracture deformation. The modeling results demonstrate that several
geological conditions must be in place for stimulation to occur only through induced slip on preexisting
fractures and to avoid signiﬁcant opening of new or preexisting fractures. These conditions cannot be
expected to be present at every EGS project, and our review of the literature shows that they typically
are not. The simulation results indicate that pure shear stimulation is more likely to be possible in
locations with thick faults present, and our review of the literature shows that EGS ﬁeld experience is
consistent with this hypothesis. We discuss ﬁeld experiences from several EGS projects and describe
how they are consistent with the idea that signiﬁcant propagation of new fractures has occurred.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
1.1. Overview
In Enhanced Geothermal Systems (EGS), hydraulic fracturing is
used for the exploitation of geothermal resources. EGS was ﬁrst
conceived in the 1970s at the Fenton Hill project at Los Alamos
National Laboratory in the United States. Since then, EGS projects
have been pursued around the world. One application of EGS is to
improve well productivity and injectivity in conventional geother-
mal resources, places where high temperature and permeability
naturally coexist. A more ambitious application of EGS is to
perform stimulation in places where hydrothermal resources do
not already exist. At 5 km depth, the subsurface is hot enough for
geothermal electricity production across a signiﬁcant percentage
of the Earth's surface. At this depth, formations are typically very
low permeability, which is why hydraulic fracturing is needed.
Overall, a spectrum of opportunities exists for EGS. The most
economically viable opportunities are the least abundant, and the
largest potential resources are the most economically challenging [1].
It has been proven that EGS is technically possible. However,
challenges remain that inhibit EGS from widespread economic
deployment. The two most important obstacles to economic
success are (1) inability to achieve adequate ﬂow rate due to
insufﬁciently high formation permeability following stimulation
and (2) thermal short-circuiting.
Typical EGS concepts involve doublet, triplets, or patterns of
injectors and producers circulating in closed loops between the
formation and a surface power plant. Thermal short-circuiting
may occur if a direct fracture pathway connects between the
injector and producer, causing the formation to cool down in the
vicinity of the short-circuit pathway, leading to low temperatures
of produced ﬂuid. For example, thermal short-circuiting occurred
at the Hijiori project [2] and the Rosemanowes project [3].
Inadequate permeability and short-circuiting are both related
to the properties of the fracture network created during stimula-
tion. An optimal EGS reservoir would have a large number of high
permeability fracture pathways, but such an EGS reservoir has
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never been achieved. Therefore, technical breakthroughs in sti-
mulation design are needed to enable widespread adoption of EGS.
Design of hydraulic stimulation depends on having a concep-
tual model for the processes that generate enhanced permeability
during stimulation. We use the term “stimulation mechanism” to
refer to these processes. Ideas about stimulation mechanism are
embedded in computational modeling tools and in the assump-
tions made by engineers, scientists, and project managers. We
believe there is much greater uncertainty about stimulation
mechanism in EGS than is usually acknowledged.
In EGS, it is most commonly assumed that stimulation occurs
through induced slip on preexisting fractures and that propagation
of new fractures, if it occurs, plays a minor role. We refer to this
concept at “pure shear stimulation” (PSS). In this paper, we
present the hypothesis that in many cases, EGS stimulation creates
a complex network of both new and preexisting fractures, a
mechanism which we refer to as “mixed-mechanism stimulation”
(MMS). The arguments for this hypothesis are not deﬁnitive, and
the main goal of this paper is to present the rationale for this
hypothesis and to stimulate discussion and encourage methodol-
ogies, analysis, and ﬁeld experiments that could conﬁrm or refute
it. A complication is that stimulation mechanism may depend on
geological and operational parameters, and so conclusions from
one project do not necessarily apply to another.
Our review of the literature shows that bottomhole injection
pressure has exceeded or approached the minimum principal
stress during stimulation at the great majority of EGS projects.
Conventionally, this would be expected to cause propagation of
hydraulic fractures from the wellbore. Most EGS wells have been
vertical and located in a normal or strike-slip faulting regime.
Under these conditions, hydraulic fractures would be expected to
form axially along the wellbore. However, wellbore observations
from EGS projects indicate that typically, ﬂow has been localized at
discrete zones along the wellbore that correlate to the locations of
preexisting fractures. To reconcile these facts, we propose that in
many cases, new fractures form off natural fractures and then
propagate through the formation (chapter 3 of [4]). Most likely, the
deviation observed at EGS projects from conventional hydrome-
chanical behavior is related to the geological setting. EGS projects
are typically located in crystalline basement formations, which is
not a setting where wells are often hydraulically stimulated.
In this paper, fractures are considered “open” when their ﬂuid
pressure exceeds the normal stress, and their walls come out of
contact. Fractures are considered “closed” when their ﬂuid pres-
sure is less than the normal stress and their walls remain in
contact.
1.2. Stimulation mechanisms
A variety of conceptual models for stimulation mechanism have
been used by different authors in the EGS and oil and gas hydraulic
fracturing literature. Fig. 1 shows schematics of four different
conceptual models [4]. Pure opening mode (POM) stimulation,
the classical concept of hydraulic fracturing, is the idea that only
new, propagating fractures contribute to permeability enhance-
ment. This conceptual model is widely accepted in the oil and gas
industry [7–12]. The depiction of POM in Fig. 1 shows several
interlocking propagating fractures because mineback and core-
across ﬁeld studies have generally shown that multiple fracture
strands form during stimulation [13–15].
Pure shear stimulation is the stimulation mechanism most
often assumed in the EGS community (discussed more in Section
1.3). In pure shear stimulation, stimulation occurs only through
induced slip on preexisting fractures. Natural fractures may open
during injection, but few or no new fractures form.
Primary fracturing with shear stimulation leakoff (PFSSL) is the
idea that continuous new fractures propagate away from the
wellbore, but ﬂuid leaks off into natural fractures, which slip and
experience enhanced transmissivity. PFSSL has been used in
modeling of hydraulic stimulation in shale by [16–19]. The PFSSL
concept was mentioned by Pearson [20] in an early paper from the
Fenton Hill EGS project. Variations on this concept exist, such as
the idea is that there is a single primary hydraulic fracture with
smaller, newly forming hydraulic fractures surrounding it.
Mixed-mechanism stimulation has been used in modeling of
hydraulic fracturing in shale by several authors [21–23]. The idea
of MMS is that continuous pathways for ﬂow involve both new
and preexisting fractures. A key idea is that propagating new
fractures may terminate against preexisting fractures. This process
could prevent formation of large, continuous fractures, forcing
ﬂuid to pass through a more complex network involving both new
and preexisting fractures. Fractures not oriented perpendicular to
the minimum principal stress could be forced to open, or partially
open, by both increased ﬂuid pressure and local stress concentra-
tions created by the opening and sliding of surrounding fractures.
These local stress concentrations could allow fractures to open at
ﬂuid pressures lower than would be expected from consideration
of only their orientation and remote stress ﬁeld. Fracture termina-
tion has been described in laboratory experiments [24–27], mine-
back experiments [13,15,28,29], and computational investigations
[30–32].
1.3. Evolution of thinking on stimulation mechanism in EGS
The original concept of EGS was to create a single, planar
tensile fracture that propagates away from the wellbore [33].
However, early experience at EGS projects at Fenton Hill and
Rosemanowes, UK showed that ﬂow from the wellbore occurred at
preexisting fractures [33–35] and that microseismicity did not
always arrange into narrow, planar features oriented perpendicu-
lar to the minimum principal stress [6,36,37]. Pine and Batchelor
[6] noted that microseismicity at Rosemanowes migrated predo-
minantly downward, defying the expectation that a newly forming
tensile fracture should propagate upward (though in Section 4.2.3,
we provide an alternative interpretation). Bringing together these
observations, the EGS community began to embrace the idea that
injection was not causing propagation of new tensile fractures, but
rather was stimulating preexisting fractures by inducing slip
[6,38]. This concept is referred to as “shear stimulation” [38] or
sometimes “hydroshearing” [39].
Fig. 1. Schematic of four conceptual models for the mechanism of stimulation in
EGS. The black dot represents the wellbore. New fractures are represented with red
lines, and preexisting fractures are represented with blue lines. The mechanisms
are: pure opening mode (POM), pure shear stimulation (PSS), primary fracturing
with shear stimulation leakoff (PFSSL), and mixed-mechanism stimulation (MMS).
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By the early 1990s, the shear stimulation concept had been
largely accepted in the EGS literature, and the idea of propagation
of new fractures during stimulation had fallen out of favor. For
example, Lanyon et al. [40] stated “it is believed that although
axial fractures may be created close to the borehole, fracturing
ﬂuid will be quickly diverted into the most transmissivity natural
fractures rather than creating new fractures”. Willis-Richards et al.
[41] stated that “over the past few years the favored concept for
engineered geothermal reservoirs in Japan has shifted in emphasis
from the formation of new fractures in previously intact rock
masses to the exploitation of weakly permeable natural fracture
systems through stimulation”. The new modeling approach was to
generate a discrete fracture network model of the preexisting
fracture network stochastically and then to simulate ﬂow and
induced stimulation solely in the preexisting fractures.
A review of EGS modeling since the early 1990s shows that the
overwhelming majority of authors have assumed that injection
induces slip on preexisting fractures and have neglected the
possibility that new fractures form [39–57]. A minority of authors
have conceptualized EGS stimulation as occurring through the
propagation of a planar fracture, the conventional interpretation of
hydraulic fracturing [58,59]. A handful of authors have hypothe-
sized that both newly forming and preexisting fractures were
important at the Soultz EGS project [60–64].
Many EGS models have assumed pure shear stimulation and
have been able to match data from ﬁeld projects. However, the
available data, microseismicity and production/injection rates and
pressures, are sparse, and matches are highly nonunique. Consis-
tency of a model with sparse ﬁeld data does not prove that the
model it true or predictive, particularly because modelers are free
to manipulate parameters until a match is achieved [65].
In this paper, we attempt to follow the suggestions of Starﬁeld
and Cundall [66], who proposed an iterative technique for model-
ing data-limited problems. They suggested that modeling could be
used to identify gaps in knowledge and further data that could be
collected in order improve understanding. Once the data have
been collected, the models can be reﬁned and the process
repeated.
1.4. Review of EGS projects
Table 1 summarizes results from ten different EGS projects in
granitic rock. Projects are compared on (1) the basis of the
orientation of the microseismic cloud with respect to the principal
stresses, (2) the relationship between the maximum bottomhole
pressure and the magnitude of the minimum principal stress,
(3) whether pressure-limiting behavior occurred during stimula-
tion (identiﬁed by a signiﬁcant decrease in the slope of the plot of
injection pressure vs. rate or by a constant or decreasing injection
pressure during constant rate injection), (4) the maximum thick-
ness of faults observed in the reservoir (more discussion of this
topic is in chapter 5 of [4]), (5) the maximum magnitude of
induced seismicity, and (6) whether ﬂow from the wellbore
localized into discrete zones, and if so, whether these zones were
correlated to existing natural fractures. Except for the Desert Peak
well, all wells were located in granitic rock.
Comparison between EGS projects is challenging because data
have been gathered and interpreted in a variety of ways, projects
can involve several wells and numerous separate stimulations,
completion and stimulation practices vary, and full records of the
projects may be difﬁcult or impossible to ﬁnd in the literature. To
mitigate this problem, we have carefully documented the source of
all the information in Table 1. Because many injection periods
were performed in many of the projects, we have typically chosen
to report injection pressure information (columns 2 and 3) for a
particular stimulation test (column 1). In columns 4, 5, 6, and 7,
information about overall geological setting and seismic activity at
the project is given, and these reported values are not necessarily
speciﬁc to the stimulation test speciﬁed in column 1. In all cases
except Cooper Basin and Fjällbacka, the minimum principal stress
was horizontal.
In some cases, bottomhole pressure was measured or authors
in the literature provided their own calculation for bottomhole
pressure. In these cases, the values of bottomhole pressure from
the literature are reported directly in Table 1. In other cases,
wellhead pressure was reported in the literature, not bottomhole
pressure. In these cases, we have estimated bottomhole pressure
by calculating hydrostatic and frictional pressure gradient in the
wellbore based on the wellbore design and correlations given by
Moody [67]. Details of those calculations are given in the
Supplementary material to this paper.
Our calculations of hydrostatic pressure gradient are inexact
because they required us to assume a temperature distribution in
the wellbore. We calculated hydrostatic pressure gradient assum-
ing that the ﬂuid was at 25 1C everywhere in the wellbore during
injection. This is a simpliﬁcation because heat conduction into the
wellbore would heat the injected ﬂuid as it ﬂowed downward,
which means that our calculation will somewhat overestimate the
bottomhole pressure. The effect of ﬂuid heating would be rela-
tively minimal during stimulation because of the high rates of
injection.
Our calculations of frictional pressure gradient are inexact
because they are based on correlations, we had to assume a
temperature distribution in the wellbore, and because we had to
assume the roughness of casing or tubing in the well. The absolute
roughness was assumed to be 150 μm.
During the stimulation of EE-2 at Fenton Hill, a “friction
reducer” was added to the injection ﬂuid [33]. It is impossible to
quantify the effects of this additive. However, there was a 2 h
period during the stimulation when the friction reducer was not
used. The injection rate and wellhead pressure from that two-hour
period were used to calculate bottomhole pressure during
stimulation.
These uncertainties account for a few MPa of uncertainty in our
estimates of BHP, which are not large enough to change the overall
conclusions and are probably of equal or greater magnitude than
the uncertainty in estimates of minimum principal stress available
in the literature.
At the Fjällbacka, Le Mayet, Hijiori (HDR-1), Ogachi, and
Rosemanowes projects, the estimated BHP exceeded the minimum
principal stress by 5 MPa or more. At the Desert Peak, Cooper
Basin, and Soultz projects, the estimated BHPs exceed the mini-
mum principal stress by a modest amount. At the Hijiori (SKG-2)
project, the estimated BHP was slightly less than the minimum
principal stress. The well GPK2 at Soultz was an unusual case
because the BHP was substantially below the minimum principal
stress proﬁle given by [72]. At the Basel project, information about
the minimum principal stress is not available.
Overall, we can conclude that in all projects (GPK2 at Soultz
being an exception) the bottomhole pressure approached or
exceeded the minimum principal stress. According to a standard
interpretation, ﬂuid pressure greater than the minimum principal
stress should indicate that new fractures formed and propagated
through the formation [103,104]. Pressure-limiting behavior is
believed to be caused by the opening of fractures (walls out of
contact), which dramatically increases their transmissivity. How-
ever, other observations from EGS projects cloud the interpreta-
tion that new fractures are propagating through the formation.
In almost every EGS project reviewed, ﬂow from the wellbore
occurred at discrete locations along the well. When production
and image logs were run, these locations were correlated with
natural fractures. This observation is in apparent contradiction to
M.W. McClure, R.N. Horne / International Journal of Rock Mechanics & Mining Sciences 72 (2014) 242–260244
Table 1
A review of ten historical EGS projects. Projects are compared on the basis of the orientation of the microseismic cloud with respect to the principal stresses, the relationship between the maximum bottomhole pressure and the
magnitude of the minimum principal stress, whether pressure-limiting behavior occurred during stimulation, the maximum thickness of faults present in the reservoir, the maximum magnitude of induced seismicity, and whether
ﬂow from the wellbore localized into discrete zones, and if so, whether these zones were correlated to existing natural fractures.
Project/wellbore Relationship between the
bottomhole pressure and the
minimum principal stress
(measured at the top of the
openhole section)
Pressure-limiting
behavior
Microseismic cloud orientation
with respect to the principal
stresses
Maximum magnitude
during and immediately
after stimulation
Maximum fault thickness from
wellbore observations in the
interval of injection
Flow from discrete zones (not
necessarily measured during
the speciﬁc stimulation test
cited in column 1)
Cooper Basin Maximum sustained WHP was
65 MPa [69]; assuming the σv (the
minimum principal stress) gradient
was 25 MPa/km, σv was
103.375 MPa at 4.135 km; we
calculated BHP at 4135 m depth to
be 103.6 MPa
Yes [69] Planar, horizontal cloud
(perpendicular to the minimum
principal stress, which was
vertical) [69]
3.7 [69] Meters thick fault intersected the
wellbore [69,70]
Yes, all ﬂow from the wellbore
was at a single, large fault zone at
4250 m observed in wellbore
imaging logs and mud logs; ﬂow
logs were not run during
stimulation [69,70]
Stimulation of
Habanero 1 from
November-
December 2003;
openhole from
4135 m to
4421 m [68]
Soultz Assumed to be roughly equal due to
pressure-limiting behavior and
extrapolation from shallower mini-
frac tests [72]
Yes [71] Planar cloud oriented overall 151
from σHmax, with some subvertical
planar features apparent within
the cloud in different orientations
[71]
1.9 [73] Meters thick faults [71,74] Yes, and the ﬂow zones were
correlated to natural fractures
seen in image logs [71]; up to 50%
of the ﬂow exited the well
continuously in an interval
roughly 70 long at the top of the
openhole section; ﬂow logs were
run during and after stimulation
[71]
Stimulation of
GPK1 in
September 1
993; openhole
from 2.8 to
3.4 km depth
[71]
Soultz Assumed to be roughly equal due to
pressure-limiting behavior
observed in all three wells and
shallower mini-frac tests; in GPK2,
pressure-limiting behavior was
observed even though pressure was
less than the inferred minimum
principal stress proﬁle [72]
Yes [72] GPK2 cloud was 251
counterclockwise from σHmax;
GPK3 cloud was ambiguous,
perhaps oriented in the direction
of σHmax; GPK4 cloud was oriented
251 clockwise from σHmax [75]
2.9 [73] Meters thick faults [76] Data not available in GPK2;
spinner and image logs run in
GPK3 and GPK4; in GPK3, ﬂow
occurred in discrete zones
correlated to natural fractures
[76]; in GPK4, ﬂow occurred
continuously along the wellbore;
ﬂow logs were run during and
after stimulation [75]
Various
stimulations of
GPK2, GPK3, and
GPK4 between
2000 to 2005;
openhole
sections roughly
4.5–5 km [75]
Fenton Hill [34] estimated σhmin¼43 MPa at
3.3 km; [37] estimated
σhmin¼49.5 MPa at 3.3 km;
extrapolating to 3.53 km depth,
these estimates are 46 and 53 MPa,
respectively; maximum wellhead
injection pressure was 45 MPa [34];
we calculated BHP to be 68.8 MPa
at 3.53 km
Yes (pages 363 and 368 of
[33])
Microseismic cloud orientation
was variable for different injection
tests at Fenton Hill [36]. For the
stimulation of EE-2 in Dec. 1983,
the cloud appeared to orient about
301 clockwise from σHmax, dipping
around 701 [36,37]
1.0 [77] Difﬁcult to assess. No thick fault
zones are described in the
literature, but observations were
limited; impression packers were
used [33], but there was not
extensive coring or high quality
wellbore imaging
Yes, inferred from temperature
anomalies on logs run before and
after stimulation [78]; ﬂow from
discrete natural fractures inferred
on the basis of impression
packers during mini-fracs prior to
the main stimulation [34]
Stimulation of
EE-2 in
December
1983; openhole
section between
3530 and
3551 m
(Chapter 6 from
[33])
Hijiori Minimum principal stress was
around 33 MPa at 1800 m;
maximum WHP was 16 MPa
[79,80]; we calculated BHP to be
31.8 MPa at 1800 m
Yes, but the decrease in
slope of pressure versus
rate was modest;
decreasing pressure during
constant rate injection
occurred [79]
Planar cloud perpendicular to σhmin
[79]
1.0 [79] No references found Yes, but no image logs were run
to correlate with directly
observed fractures; ﬂow logs
were run after stimulation [81]
Stimulation of
SKG-2 in July
1988; openhole
section from
1788 to 1802 m
[79])
Hijiori Maximum WHP was 26 MPa [82];
σhmin at 2150 m was around
Yes [82] Several planar features dipping
around 60-701, striking at an acute
angle from σHmax [83]
0.3 [82] No references found Yes, but no image logs were run
to correlate with directlyStimulation of
HDR-1 in July
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Table 1 (continued )
Project/wellbore Relationship between the
bottomhole pressure and the
minimum principal stress
(measured at the top of the
openhole section)
Pressure-limiting
behavior
Microseismic cloud orientation
with respect to the principal
stresses
Maximum magnitude
during and immediately
after stimulation
Maximum fault thickness from
wellbore observations in the
interval of injection
Flow from discrete zones (not
necessarily measured during
the speciﬁc stimulation test
cited in column 1)
39.4 MPa [80]; we calculated BHP
to be 46.7 MPa at 2150 m
observed fractures; ﬂow logs
were run after stimulation [81]
1992; openhole
from 2151 to
2205 [82]
Ogachi σhmin at 990 m estimated to be
18 MPa [85]; maximum WHP was
20 MPa [82]; we calculated BHP to
be 28.0 MPa
Yes [82] An aggregation of all MEQ from the
Ogachi project showed
microseismic emissions in planar
features in several directions [85]
2.0, but the next largest
event was 1.0 [82]
Around a few millimeters thick [86] Temperature logs run in a
neighboring well showed ﬂow
localized to discrete zones,
correlated to fractures identiﬁed
from wellbore imaging logs [87]
Stimulation of
OGC-1 from
August -
September 1991;
openhole from
990 to 1000 [84]
Desert Peak Initially, BHP was intentionally
maintained below σhmin; later,
during high rate injection, BHP
exceeded σhmin by 2 MPa [89]
Yes [89] Only 42 events were observed;
they formed a diffuse region
perpendicular to σhmin [89]
0.74 [88] Faults as thick as 10 cm [90] Yes [89]; spinner logs run during
stimulation were noisy, but most
ﬂow apparently localized at
936 m, where a mini-frac test had
previously been performed
(Ethan Chabora, personal
communication)
Stimulation of
27-15 in
September 2010;
openhole from
914 to 1067 m
[88]
Rosemanowes
(UK)
σhmin was approximately 25.5 MPa
at 1700 m; maximum WHP was
14 MPa [91]; we calculated BHP to
be 30.3 MPa at 1700 m
We were unable to ﬁnd a
plot of ﬂow rate versus
time during stimulation;
injection pressure during
stimulation was mostly
constant, sometimes
gradually decreasing [91]
Planar region roughly
perpendicular to σhmin, but steeply
dipping and containing two steeply
dipping planar features [6,92]
0.16 was the overall
maximum magnitude
observed during all
stimulation activities at
Rosemanowes; a few larger
events occurred during long
term unbalanced circulation
[73]
Probably only thin cracks with
thickness no greater than a few mm
present (see literature review in
section 5.3.6 of [4]), though [91]
reported that zones of more intense
fracturing were present
Yes; some, but not all, ﬂowing
zones were correlated to planar
features observed from the
seismicity [91,92] and ﬂowing
zones were related to fractures
observed in BHTV (Section 5.5 in
[93]); during stimulation, most
ﬂow was from a shot zone where
explosives had been used; ﬂow
logs were run before, during, and
after stimulation [91]
Stimulation of
RH12
stimulation in
April 1982;
openhole from
1703 to 2060 m
[6]
Basel No measurements of σhmin are
available [94]
No [94] Planar cloud perpendicular to σhmin
[94]
3.4 [73] Major cataclasite fault zones
inferred from drill cuttings [94];
meters thick fault zones have
consistently been found in cored
wells in the crystalline basement
within several kilometers of the
Basel project [95]
No references found
Stimulation of
Basel 1 in
December of
2006; openhole
from 4629 -
5000 m [94]
Le Mayet BHP exceeded σhmin by as much as
5 MPa at the top of openhole
section [96]
Yes [96] No references found Magnitudes not measured
during this particular
injection test. During a
different stimulation test at
Le Mayet, maximum
magnitude was -0.9 [73]
Hydrothermally altered and
densely fractured zones were
identiﬁed with well logs [97]
Yes, ﬂow logs run during
stimulation [96–98]Stimulation of
INAG III-9 as
described by
[96] (date not
given); openhole
section from 275
to 840 m [96]
Fjällbacka Maximum WHP was 16 MPa;
assuming stress gradient of
25 MPa/km (the minimum
principal stress was vertical), σv
was 11.125 at 445 m [99]; we
calculated BHP to be 20.3 MPa at
445 m
Difﬁcult to evaluate
because gels of different
viscosities were used at
different rates [100]
Dominant features was a roughly
planar horizontal region oriented
perpendicular to the minimum
principal stress (which was vertical
until at least 500 m depth) [100–
102]
0.2 [73] Large scale vertical faults mapped
at surface [100]; Fjb3, adjacent to
Fjb1, was fully cored, and [102]
described fractures in
hydrothermally altered zones, but
did not mention cataclasite, which
would indicate fault development
Flow was localized primarily at
one zone, corresponding to the
depth of the microseismicity and
a preexisting, conductive
fracture; ﬂow logs run before and
after stimulation [99,100]
Stimulation of
the well Fjb1 in
1986; openhole
section from 445
to 475 m
isolated with a
straddle packer
[99]
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the notion that new fractures propagate away from the wellbore. In a
standard interpretation, new fractures should form axially along the
wellbore and propagate as continuous planar features through the
formation [103,104], but evidently this does not usually occur in EGS
wells. This key observation is the most important reason why the
EGS community has focused on stimulation of preexisting fracture
networks. GPK1 and GPK4 at Soultz are apparently exceptions
because ﬂow from the well was observed to occur continuously over
extended depth intervals [71,75].
Microseismicity from the reviewed projects was diverse. At
some projects, a planar region of microseismicity formed that was
roughly perpendicular to the minimum principal stress (consistent
with a conventional hydraulic fracture). In other projects, planar
regions formed at angles to the principal stresses. At many
projects, the microseismicity formed into complex shapes with
multiple features apparent. Microseismicity is generally caused by
slip on preexisting fractures, not by opening and propagation of
new fractures. However, ﬂuid leaking off from hydraulic fractures
could cause slip on surrounding natural fractures [20].
Overall, microseismic and wellbore observations from EGS
projects appear inconsistent with the concept of generating a
single, planar fracture (POM), but pressure data appears incon-
sistent with the idea that no new fracture opening or propagation
occurs (PSS).
1.5. Using mixed-mechanism stimulation to reconcile theory
and observations from historical EGS projects
During stimulation at most EGS projects, the bottomhole ﬂuid
pressure reached the minimum principal stress, but axial tensile
fractures did not form and propagate away from the wellbore.
Possibly, this occurred because the tensile strength of granite is
high (EGS projects are most often in granitic rock), which resists
formation of new fractures at the wellbore. We hypothesize that in
many cases, injection may have caused opening of natural frac-
tures. Natural fractures are not necessarily oriented perpendicular
to the minimum principal stress, but usually they should have
much lower tensile strength than the surrounding intact rock. If a
natural fracture is oriented reasonably close to the optimal direc-
tion for fracture opening, it may be able to open at a lower ﬂuid
pressure than would be required to overcome the formation
tensile strength and form an entirely new fracture.
Shear and opening deformation of natural fractures creates
concentrations of stress that could encourage fracture initiation
and propagation. Fig. 2 illustrates two possible mechanisms. One
mechanism is that natural fractures, once opened by injection,
could propagate from their tips (aided by the concentration of
stress caused by their opening), perhaps turning and/or twisting to
align favorably with the local stress ﬁeld.
The second mechanism is that splay fractures could form. Splay
fractures have been described widely in rock outcrops [105,106]. Splay
fractures form a short distance behind the crack tip, and are caused by
concentrations of tensile stress formed by fracture shearing. Both
closed and open fractures can experience shear deformation (fractures
slide as they open and their frictional resistance to slip goes to zero),
and so either could be initiation sites for splay fractures.
Because stress is locally concentrated by shear, splay fractures
could form whether the ﬂuid pressure was above or below the
minimum principal stress. Once splay fractures have formed, the
concentration of stress at their tips could allow them to readily
propagate through the formation. With ﬂuid pressure above the
minimum principal stress, splay fractures could propagate large
distances through the formation. With ﬂuid pressure below the
minimum principal stress, splay fractures would be limited to the
localized region of stress perturbation caused by the shearing
natural fracture. If shearing natural fractures were in close
proximity, it is conceivable that they could connect through splay
fractures and form through-going features, even if the ﬂuid
pressure remained below the minimum principal stress (also
discussed by Jung [62]).
Microseismic observations from EGS projects are consistent
with either the MMS or PSS mechanisms. The observations at
many projects appear to show planar features oriented at angles to
principal stresses. These features are probably sliding (and possi-
bly opening) natural fractures. But this does not preclude the
possibility that new fractures could propagate through the forma-
tion. Microseismicity maps the sliding of fractures in the reservoir,
but because fracture opening and propagation causes minimal
seismicity, microseismicity shows a biased and possibly mislead-
ing representation of the overall deformation process taking place.
For example, a high viscosity stimulation treatment at Rosema-
nowes is believed to have formed a tensile fracture, but no
seismicity was observed during the stimulation [107]. A further
complication is that variability in the frictional properties of the
minerals inﬁlling the fractures has the potential to cause some
fractures to slip seismically and others to slip aseismically [108].
The MMS concept is general enough to be consistent with virtually
any set of microseismic observations. If propagating hydraulic fractures
sometimes terminate when they intersect preexisting fractures or
faults, large and continuous new fractures will not be able to
propagate through the formation. Continuous pathways for ﬂow will
be forced to pass through both new and preexisting fractures.
Therefore, the overall stimulation direction and the shape of
the seismic cloud will be strongly affected by the natural fracture
network, whether or not new fractures are propagating through
the formation.
2. Material and methods
2.1. Modeling study of pure shear stimulation and mixed-mechanism
stimulation
The pure shear stimulation mechanism is probably unlikely
unless the ﬂuid pressure is kept below the minimum principal
stress during stimulation (though splay fractures could still form).
If ﬂuid pressure exceeds the minimum principal stress, fracture
opening is likely to occur and new fractures may propagate
through the formation.
In order to prevent excessive buildup of ﬂuid pressure, the
stimulated formation permeability must be adequate and the
formation must have the ability to store the injected ﬂuid without
fracture opening (since typically the formation permeability is
exceptionally low). For these requirements to be fulﬁlled, several
geological conditions must be present: (1) adequate storativity of
closed natural fractures, (2) adequate initial transmissivity of
natural fractures, (3) percolation of the natural fracture network,
(4) natural fractures well-oriented to slip in the local stress state,
(5) natural fractures that experience enhanced transmissivity with
slip, and (6) adequate stimulated transmissivity. Requirements (4),
(5), and (6) are obvious. By deﬁnition, shear stimulation cannot
occur unless injection causes slip and the slip causes sufﬁcient
increase in formation permeability. In the following sections, we
use modeling to demonstrate requirements (1), (2), and (3). An
additional simulation is performed as an example of mixed-
mechanism stimulation.
2.2. Details of the numerical model
Simulations were performed with CFRAC, a modeling code that
fully couples ﬂuid ﬂow with the stresses induced by deformation
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in discrete fracture networks. The details of the code are summar-
ized here. Full details were given by McClure and Horne [5].
The version of CFRAC used in this study assumes single-phase
liquid water (no proppant), isothermal, Darcy ﬂow in the fractures
and zero ﬂow in the matrix around the fractures. The water
properties are calculated assuming fresh water at a temperature
of 200 1C. The high temperature causes the ﬂuid density to be
around 850 kg/m3 and the viscosity to be around 0.1–0.2 cP.
Stresses induced by fracture deformation are calculated with the
displacement discontinuity (boundary element) method using
quadratic basis functions assuming homogeneous, isotropic, linear
elastic deformation [109]. CFRAC uses Hmmvp, a code that
approximates the matrices of interaction coefﬁcients very accu-
rately and efﬁciently [110]. Stresses induced by normal displace-
ment of closed fractures (which are typically due to fracture
stiffness and are quite small) are neglected. The simulations are
two-dimensional, and should be interpreted as showing vertical
fractures sliding horizontally, viewed from above, or normal
fractures sliding in dip-slip, viewed from the side. In the simula-
tions shown in this paper, the [111] adjustment was used to
approximate the effect of a ﬁnite formation height on the induced
stresses (so that the calculations are pseudo-3D instead of either
plane strain or plane stress).
The edges of the model are treated like no-ﬂow boundaries.
The stresses induced by deformation are calculated assuming an
elastic whole-space. The model is initialized with a homogeneous
distribution of ﬂuid pressure and stress, and the stress ﬁeld is
permitted to be anisotropic.
Because CFRAC is a discrete fracture network simulator, each
individual fracture is discretized. It is only necessary to discretize
the fractures, not the matrix, because it is assumed that there is
zero matrix permeability and the boundary element method is
used to calculate the stresses induced by deformation. Implicit
time-stepping is used. At each element during every time-step, the
ﬂuid pressure and (if the element is opening and/or sliding)
opening and sliding displacements are calculated to satisfy the
unsteady state mass balance equation and appropriate stress
conditions. Fractures may be closed (walls in contact) or open
(walls out of contact), depending on whether the ﬂuid pressure is
less than the element normal stress. If the walls are in contact,
Coulomb's law with constant coefﬁcient of friction is used to
determine if the fracture should slide, and if so, displacements are
calculated so that Coulomb's law is satisﬁed. For fractures with
shear stress less than the frictional resistance to slip, shear
deformation is assumed to be negligible. If walls are out of contact,
displacements are calculated so that the walls bear nearly zero
shear stress. As a numerical convenience, open fractures are given
a small cohesion, S0,open. Open fractures do not slide if the absolute
value of their shear stress is below S0,open.
A radiation damping term [112,113] is included in the expres-
sion for shear stress to approximate the effect of inertia at high
slipping velocity (though high slipping velocity did not occur in
the simulations in this paper, because a constant coefﬁcient of
friction was used) and to prevent sliding from happening
instantaneously.
The unsteady-state ﬂuid mass balance equation in a fracture is
(adapted from [114]) as follows:
∂ðρEÞ
∂t
¼∇  ðqf luxeÞþsa ð1Þ
where ρ is the ﬂuid density, E is the void aperture (volume of ﬂuid
contained per fracture area), t is the time, qﬂux is the mass ﬂux
(scalar-valued for a one-dimensional fracture and vector-valued
for a two-dimensional fracture), e is the hydraulic aperture
(related to ﬂow through Eqs. (2) and (3) below), and sa is a
source term.
For single-phase ﬂow in a one-dimensional fracture, the mass
ﬂow rate q is as follows:
q¼ Thρ
μl
∂P
∂s
; ð2Þ
where T is the transmissivity (the product of permeability and
hydraulic aperture), h is the out-of-plane dimension of the
fracture, P is the pressure, s is the distance along the fracture,
and μl is the viscosity. The cubic law for fracture transmissivity is
[115] as follows:
T ¼ ke¼ e
3
12
: ð3Þ
The harmonic average of transmissivity is used for ﬂow between
adjacent fracture elements. The Coulomb failure criterion with a
radiation damping term is as follows [113]:
jτηνj ¼ μfσ0nþS0; ð4Þ
where τ is the shear stress, η is the radiation damping coefﬁcient,
v is the sliding velocity of the fracture, μf is the coefﬁcient of
friction, S0 is the fracture cohesion, and σ0n is the effective normal
stress, deﬁned as follows [113]:
σ0n ¼ σnP; ð5Þ
where compressive stress is taken to be positive.
Nonlinear relationships are used between fracture stress, ﬂuid
pressure, opening displacement, sliding displacement, hydraulic
aperture, and void aperture (modiﬁed from [41]):
E¼ E0
1þð9σ0n=σn;Eref Þ
þDE;ef f tan
ϕEdil
1þð9σ0n=σn;Eref Þ
 
; ð6Þ
where E0, σn,Eref, and ϕEdil are the speciﬁed constants. DE,eff is
deﬁned as equal to D if DoDE,eff,max, and equal to DE,eff,max
otherwise. Eq. (6) is also used for hydraulic aperture, but different
constants can be speciﬁed (for example, E0 for void aperture and e0
for hydraulic aperture). Non-zero ϕEdil corresponds to pore volume
dilation with slip, and non-zero ϕedil corresponds to transmissivity
enhancement with slip.
Hydraulic aperture is equal to void aperture between two
smooth plates but is lower than void aperture for rough surfaces
Fig. 2. Schematics of new fractures forming off of preexisting fractures. The wellbore
is represented by a black dot. New fractures are red lines, and preexisting fractures
are blue lines. In the ﬁrst case, opening of the natural fracture creates a mode I/II
stress intensity factor, causing propagation from the tip. In the second case, sliding of
the natural fracture creates concentrations of tensile stress, resulting in formation
and propagation of splay fractures.
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such as rock fractures [116]. A “fracture” in a discrete fracture
network (DFN) model may represent a crack, but it may
also represent a more complex feature such as a fault zone
(Section 2.3.3 of [5]). In the latter case, the void aperture may be
much larger than the hydraulic aperture, which is why the model
allows e and E to be different.
The void and hydraulic aperture of an open preexisting fracture
is deﬁned as follows:
E¼ E0þDE;ef f tan ðϕEdilÞþEopen
e¼ e0þDe;ef f tan ðϕedilÞþEopen ð7Þ
where Eopen is the physical separation between the fracture walls.
The magnitude of Eopen is calculated at each open element at each
time-step.
The hydraulic and void apertures of newly formed fractures are
treated differently than preexisting fractures. A value Ehfres is
deﬁned as the aperture of a newly formed fracture when the ﬂuid
pressure is equal to the normal stress. Hydraulic aperture, e, is set
equal to void aperture, E. The aperture of an open, newly formed
fracture is as follows:
E¼ Ehf resþEopen ð8Þ
and the aperture of a closed, newly formed fracture is as follows:
E¼ Ehf resexpðKhfσ0nÞ; ð9Þ
where Khf is a speciﬁed compressibility for closed hydraulic
fracture elements.
If closed, the transmissivity of a newly formed fracture is
deﬁned as follows:
T ¼ Thf ;f ac Ehf res; ð10Þ
and if open, transmissivity is deﬁned as follows:
T ¼ Thf ;f ac Ehf resþðEopenÞ3=12; ð11Þ
where Thf,fac is a speciﬁed constant.
New fractures can form and propagate, but the location,
orientation, and length of these newly forming fractures must be
speciﬁed in advance, as “potentially forming” hydraulic fractures.
Both the propagation of new fractures and the propagation of
opening along a preexisting fracture are handled with linear
fracture mechanics. Propagation occurs if the stress intensity
factor at the opening crack tip reaches a speciﬁed fracture
toughness [5]. Details of fracture initiation and propagation were
given by McClure and Horne [5].
Fracture storativity (also called storage coefﬁcient) is deﬁned as
follows:
S¼ Ecf þ
dE
dP
ð12Þ
where cf is the compressibility of the ﬂuid in the fracture. In our
simulations, the ﬂuid was water at 200 1C, which had a compres-
sibility of around 7104 MPa1. Fracture void aperture was
assumed to be a highly nonlinear function of effective normal
stress (Eq. 6), which meant that fracture storativity varied widely
depending on ﬂuid pressure, stress state, and orientation.
2.3. Details of speciﬁc simulations
Five simulations (A1, A2, A3, B1, and B2) were performed to
investigate the effect of geological factors on the tendency for
shear stimulation. One additional simulation, simulation C, was
performed to investigate the properties of fracture networks
formed from mixed-mechanism stimulation.
Simulation A1 was a baseline simulation where all require-
ments were met for effective shear stimulation. Simulations A2
and A3 were identical to simulation A1, except that simulation A2
had a lower initial transmissivity (lower e0), and simulation A3
had a lower fracture storativity (lower E0) and higher initial
transmissivity (higher e0). Potentially forming hydraulic fractures
were speciﬁed, initiating at the wellbore and propagating linearly
in the y-axis direction, freely crossing preexisting fractures. These
fractures could only form if ﬂuid pressure exceeded the minimum
principal stress. Simulations A1, A2, and A3 used injection/produc-
tion schedule S1, which was injection at 30 kg/s, 60 kg/s, and
90 kg/s for one hour each. Then the wellbore was shut-in for one
week (with crossﬂow through the well permitted), followed by
one day of production at 30 kg/s with a minimum bottomhole
production pressure of 30 MPa.
Simulations B1 and B2 simulated constant pressure injection
(at pressure less than the minimum principal stress). Roughly the
same number of fractures intersected the wellbore in simulations
B1 and B2, but in simulation B2, there were a greater number of
shorter fractures and the network was not percolating. As a model
assumption, new fractures could not form in simulations B1 and
B2. Injection schedule S2, used by simulations B1 and B2, was
constant pressure injection for one week at 48 MPa.
Simulation C was performed to investigate the overall behavior
of a fracture network stimulated through mixed-mechanism
stimulation. A non-percolating natural fracture network was used,
but a large number of potentially forming fractures were located
throughout the model. These potentially forming fractures propa-
gated off slipping natural fractures like splay fractures. Injection
schedule S1 was used, the same as in simulations A1, A2, and A3,
including the full sequence of injection, shut-in, and production.
One objective of simulation C was to investigate how closure of
natural fractures after shut-in could result in loss of fracture
connectivity (Section 4.1.5), and so fracture properties were
chosen so that natural fractures would have relatively low trans-
missivity when closed.
The fractures in simulations A1 and A2 had large storativity,
intended to represent thick fault zones. Fractures in the other
simulations had signiﬁcantly lower storativity, intended to repre-
sent crack-like features. Simulation A3 is the only simulation
where e0 and E0 were equal. In all simulations, the minimum
principal stress was 50 MPa in the x-axis direction. The principal
stress in the y-axis direction was 75 MPa in every simulation
except simulation C, where it was 55 MPa.
Table 2 shows the settings common to all the simulations,
and Table 3 shows the settings that varied between the different
simulations. To provide context, Table 3 gives values of trans-
missivity and storativity, calculated from Eq. (6) for closed
natural fractures at initial conditions (P equal to 35 MPa) and
“stimulated” conditions (P equal to 50 MPa and D equal to De,eff,
max). Ranges of values are given because they depend on fracture
orientation. Inspection of Table 3 shows that: (1) fracture
storativity is much higher at higher pressure, (2) fracture
transmissivity increases strongly with both increasing pressure
and sliding displacement, and (3) stress anisotropy causes
transmissivity and storativity to be strong functions of fracture
orientation.
The storativity of a hydraulic fracture formed in granite was
estimated by Jung [117] to be about 104 m/MPa at an effective
normal stress of 1.9 MPa. Table 3 shows that for simulations A3,
B1, B2, and C, which were intended to include “crack-like”
natural fractures, the fracture storativity at effective normal
stress equal to zero (P¼50 MPa, for a crack perpendicular to
the minimum principal stress) was around 104 MPa. However,
at higher values of effective normal stress, storativity was much
lower. This is a property of the [41] equation for fracture
aperture (Eq. 6) and is consistent with observations from
laboratory experiments, which show fracture stiffness increasing
with effective normal stress [118].
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3. Results
Figs. 3–6, 8–10, and 13 show the transmissivity in the fracture
networks at various times during the simulations. Figs. 7 and 11
show injection rate and pressure and production rate and pressure
during Simulation A1. Fig. 12 shows production rate and pressure
during simulation A3. For brevity, ﬁgures showing injection and
production rate and pressure over the full time period are not
provided for all simulations. Figures have been selected because
they can be used to illustrate key points.
Injection pressure did not exceed the minimum principal stress
during simulation A1 (Fig. 7) but did exceed the minimum
principal stress during stimulations A2 and A3 (not shown in a
ﬁgure). Plots of injection rate versus time during simulations B1
and B2 are not shown. In both simulations, the injection rate was
low because the fracture transmissivity was limited. Injection rate
declined over time in both. In simulation B2, the injection rate
declined to nearly zero at late time, as the wellbore-connected
fractures reached a ﬂuid pressure equal to the injection pressure.
More detailed discussion of this type of behavior was given by
McClure and Horne [119].
4. Discussion
4.1. Simulation results
4.1.1. Conditions for shear stimulation
Simulations A1, A2, A3, B1, and B2 demonstrate that to main-
tain ﬂuid pressure below the minimum principal stress during
shear stimulation, the preexisting fracture network must be
percolating and have adequate initial transmissivity and storativ-
ity. Simulation A1 was a baseline case where all conditions were
met for shear stimulation. The fracture network was percolating,
the initial transmissivity of the fractures was reasonably high, and
the fractures had high storativity (E0 equal to 5 cm). The large void
apertures in simulations A1 and A2 were intended to represent the
thick, porous fault zones that have been described at some EGS
projects [74,120].
4.1.2. Initial transmissivity
In simulation A2, the initial transmissivity of the natural
fracture network was very low, leading to the formation and
propagation of an opening mode fracture. Fig. 4 shows the fracture
network after 9.568 h. Injection was performed for only three
hours. Fig. 4 demonstrates that even hours after shut-in, almost all
injected ﬂuid was located in the newly formed hydraulic fracture,
not in the natural fractures. Because of the very low initial fracture
transmissivity, ﬂuid was not able to ﬂow into the natural fractures
fast enough to prevent buildup of the injection pressure to the
minimum principal stress, causing formation of the hydraulic
fracture. Eventually, ﬂuid eventually was able to leak off into the
natural fractures and induce slip and shear stimulation, allowing
closure of the hydraulic fracture (Fig. 5). Simulation A2 is a rather
extreme case because of the exceptionally low initial transmissiv-
ity, but it demonstrates in principle that new fractures may form in
a reservoir that is capable of being shear stimulated if the initial
fracture transmissivity is too low to accept ﬂuid at sufﬁcient rate.
Table 2
Simulations settings used in all the simulations: A1, A2, A3, B1, B2, and C.
h (out-of-plane dimension) 100 m η (radiation damping coefﬁcient) 3 MPa/(m/s)
G (shear modulus) 15 GPa μf (fracture coefﬁcient of friction) 0.6 (unitless)
υp (Poisson's ratio) 0.25 (unitless) σn,Eref (90% closure stress for void aperture) 20 MPa
ηtarg (time stepping tolerance, Section 2.3.9 in [5]) 0.5 MPa σn,eref (90% closure stress for hydraulic aperture) 20 MPa
S0 (fracture cohesion) 0.5 MPa ϕEdil (shear dilation angle for void aperture) 01
S0,open (open fracture cohesion) 0.5 MPa ϕedil (shear dilation angle for hydraulic aperture) 2.51
Khf (compressibility of closed, newly formed
hydraulic fractures, Section 2.1 of [5])
0.01 MPa1 Ehfres 105 m
KI,crit (critical stress intensity factor for opening along
a preexisting fracture)
1.0 MPa m1/2 Thf,fac (transmissivity factor for closed,
newly formed fractures)
109 m2
KI,crithf (critical stress intensity factor for propagation of a new fracture) 3.0 MPa m1/2 εtol (used by Hmmvp) 0.000001 (unitless)
Pinit (initial ﬂuid pressure) 35 MPa Mechtol (error tolerance for solving shear stress
equations, Section 2.3.5 in [5])
.003 MPa
σxx (initial compressive stress in x-axis direction) 50 MPa Itertol (error tolerance for iterative coupling scheme,
Section 2.3.1 in [5])
0.01 MPa
σxy (initial shear stress) 0 MPa
Table 3
Simulation settings speciﬁc to different simulations. To give context, natural fracture transmissivity and storativity is calculated at both initial conditions (P¼35 MPa) and
stimulated conditions (P¼50 MPa and D¼De,ff,max). Ranges of values are shown for transmissivity and storativity because they depend on fracture orientation.
A1 A2 A3 B1 B2 C
E0 (reference void aperture) 5 cm 5 cm 0.5 mm 0.2 mm 0.2 mm 0.5 mm
e0 (reference hydraulic aperture) 0.2 mm 0.01 mm 0.5 mm 0.03 mm 0.03 mm 0.02 mm
De,eff,max (maximum sliding displacement that
increases hydraulic aperture)
2 cm 2 cm 2 cm 1 mm 1 mm 1 mm
Injection schedule S1 S1 S1 S2 S2 S1
σyy (initial compressive stress in the y-axis
direction)
75 MPa 75 MPa 75 MPa 75 MPa 75 MPa 55 MPa
Initial fracture transmissivity (P¼35 MPa, Deff
¼0)
0.10–
1.41015 m3
0.12–
1.81019 m3
0.15–
2.21014 m3
0.33–
4.81018 m3
0.33–
4.81018 m3
0.67–
1.41018 m3
Fracture transmissivity at Deff ¼De,eff,max
(P¼50 MPa)
5.61013–
1.01010 m3
3.11014–
5.71011 m3
1.21013–
2.21010 m3
1.81017–
3.31014 m3
1.81017–
3.31014 m3
6.31016–
2.21014 m3
Fracture storativity at initial conditions,
P¼35 MPa
6.4105–
3.8104 m/MPa
6.4105–
3.8104 m/MPa
6.4107–
3.8106 m/MPa
2.5107–
1.5106 m/MPa
2.6107–
1.5106 m/MPa
2.3106–
3.8106 m/MPa
Fracture storativity at P¼50 MPa 1.5104–
2.2102 m/MPa
1.5104–
2.2102 m/MPa
1.5106–
2.2104 m/MPa
6.1107–
9.0105 m/MPa
6.1107–
9.0105 m/MPa
2.1105–
2.3104 m/MPa
M.W. McClure, R.N. Horne / International Journal of Rock Mechanics & Mining Sciences 72 (2014) 242–260250
Once slip has initiated on a fault, the interaction of ﬂuid ﬂow,
induced stresses, and shear stimulation can enable ﬂuid to
propagate quickly, at a rate that is unrelated to the initial fracture
transmissivity [4,54]. However, the initiation of opening or sliding
on a preexisting fracture depends on ﬂuid seeping into the fracture
at the initial transmissivity, which could be much slower. The
interaction of these processes can cause episodic propagation of
stimulation [4].
4.1.3. Storativity
In simulation A3, the closed fracture storativity was low,
leading to an unrealistically rapid propagation of stimulation.
Fig. 6 shows that in simulation A3, stimulation propagated
hundreds of meters from the wellbore in around 5 min. If this
had ever happened at an EGS project, it would have manifested as
an exceptionally rapid spreading of microseismicity. We are not
aware of a ﬁeld case where microseismicity caused by stimulation
spread from the injector so rapidly.
Fig. 3. Final transmissivity distribution for simulation A1. The black line represents
the wellbore (parallel to the x-axis). Fracture color is proportional to transmissivity.
Line thickness is related to fracture aperture.
Fig. 4. Transmissivity distribution for simulation A2 after 9.568 h. The black line
represents the wellbore (parallel to the x-axis). Fracture color is proportional to
transmissivity. Line thickness is related to fracture aperture.
Fig. 5. Final transmissivity distribution for simulation A2. The black line represents
the wellbore (parallel to the x-axis). Fracture color is proportional to transmissivity.
Line thickness is related to fracture aperture.
Fig. 6. Transmissivity distribution for simulation A3 after about 5 min of simulation
time. The black line represents the wellbore (parallel to the x-axis). Fracture color is
proportional to transmissivity. Line thickness is related to fracture aperture.
Fig. 7. Injection rate and pressure during simulation A1.
Fig. 8. Final transmissivity distribution for simulation B1. The black line represents
the wellbore (parallel to the x-axis). Fracture color is proportional to transmissivity.
Line thickness is related to fracture aperture.
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It is striking that this result is so unrealistic because the
fracture aperture values used in the simulation, hundreds of
microns, are consistent with laboratory observations of cracks
[118,121,122]. Simulation A3 was the only simulation where the
speciﬁed e0 was equal to E0. Closed cracks cannot contain much
ﬂuid, and so if fractures do not open and only crack-like fracture
features are present, an exceptionally large fracture surface area
must be required to contain the great volumes of ﬂuid injected
during an EGS stimulation (thousands or tens of thousands of
cubic meters of ﬂuid). Wellbore logs suggest that ﬂowing fractures
in typical EGS wells are widely spaced (tens or hundreds of
meters), and so there are apparently not many fractures partici-
pating in ﬂow [33,68,71,81,87,123,124]. Fluid could be stored in
the matrix, but the matrix permeability in typical EGS wells is
exceptionally low. If the fracture transmissivity were lower, the
apparent hydraulic diffusivity could be reduced, but in this case,
the initial fracture transmissivity would be too low, and tensile
fracturing would occur, as in simulation A2. Considering these
issues, it is difﬁcult to imagine how widely spaced, crack-like
fracture features could contain the huge volumes of water that
have been injected without opening (which requires ﬂuid pressure
to exceed the minimum principal stress).
If cracks open, they can have void aperture as large as milli-
meters to centimeters. Therefore, when high rate injection is
performed into formations with very low matrix permeability
and that contain only thin, closed fractures, the only possible way
the ﬂuid could be contained in the formation is for fracture
opening to occur, whether opening of natural fractures or propa-
gation of new fractures. This argument was used by Pearson [20]
to support the idea that fracture opening occurred at Fenton Hill.
In large thick fault zones, hydrothermally altered zones can
develop with much higher porosity than the surrounding rock. For
example, at Soultz, Genter et al. [74] described fault zones from
core with thickness up to ten meters and porosity ranging from
1.7% to 25%. In contrast, the surrounding granite had a porosity of
less than 1%. Thick porous fault zones such as these could certainly
contain the large volumes of ﬂuid injected without requiring
Fig. 9. Final transmissivity distribution for simulation B2. The black line represents
the wellbore (parallel to the x-axis). Fracture color is proportional to transmissivity.
Line thickness is related to fracture aperture.
Fig. 10. Final transmissivity distribution for simulation C. The black line represents
the wellbore (parallel to the x-axis). Fracture color is proportional to transmissivity.
Line thickness is related to fracture aperture.
Fig. 11. Production rate and bottomhole pressure during the production period
(after one week of shut-in) for simulation A1.
Fig. 12. Production rate and bottomhole pressure during the production period
(after one week of shut-in) for simulation C.
Fig. 13. Final transmissivity distribution for simulation C, zoomed in on a particular
location near the wellbore. The black line represents the wellbore (parallel to the
x-axis). Fracture color is proportional to transmissivity. Line thickness is related to
fracture aperture.
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fracture opening. Of the ten projects reviewed in Table 1, evidence
suggests that large, thick faults were present at only three of them.
An alternative possibility is that the shear induced mismatch of
asperities and macroscopic nonplanarities creates sufﬁciently sig-
niﬁcant void dilation that effective fracture void apertures of
crack-like fractures become very large. The question of whether
or how huge volumes of ﬂuid could be stored only in closed, thin
cracks (in the absence of thick, porous fault zones) is worth further
investigation. Regardless, it is reasonable to conclude that fracture
opening should be more likely in formations where thick, porous
faults are not present.
4.1.4. Percolation
In Simulations B1 and B2, a similar number of fractures with
similar orientations intersect the well. However, the average
fracture length in simulation B2 is much lower than in B1, and
as result, the network in simulation B2 is not percolating (there are
no continuous pathways for ﬂow through the network).
As a model parameter in simulations B1 and B2, new fractures
were not permitted to form. Injection was performed at a constant
pressure less than the minimum principal stress. In both cases,
injection caused shear stimulation to occur, but in simulation B2,
the ﬂuid was not able propagate a signiﬁcant distance from the
wellbore. If injection had been performed at speciﬁed rate in
simulation B2 (which is what has been done at most EGS projects),
ﬂuid pressure would have been forced to build up until new
fractures propagated through the formation.
Simulations B1 and B2 are an example of what McClure and
Horne [119] called a “tendency for shear stimulation test”. Because
splay fractures can form even if the ﬂuid pressure is below the
minimum principal stress, it may be possible that these could form
continuous pathways for ﬂow, even without a percolating natural
fracture network. This possibility deserves further study and
would depend on factors such as natural fracture orientation,
stress anisotropy, and fracture spacing.
4.1.5. Mixed-mechanism stimulation and ﬂowback behavior
Simulation C was an example of mixed-mechanism stimula-
tion. In simulation C, there were natural fractures well oriented to
slip and capable of experiencing a limited degree of shear
stimulation. However, the natural fracture network was not
percolating. When speciﬁed rate injection was performed, the
ﬂuid pressure built up and new fractures began to propagate
through the formation. The two principal stresses were within
5 MPa (unlike in the other simulations), which meant that the
natural fractures could open at a ﬂuid pressure only modestly
greater than the minimum principal stress. During injection, the
injection pressure did in fact exceed the minimum principal stress
by a few MPa (not shown in a ﬁgure).
Even if the two principal stresses had been further apart than
5 MPa, it would still have been possible for natural fracture to
open in response to injection. If propagating hydraulic fractures
frequently terminate against preexisting fractures, the injection
pressure could be forced to increase further above the minimum
principal stress, and this could open natural fractures that are not
oriented optimally against the minimum principal stress. There
also may be signiﬁcant heterogeneity in the initial distribution of
stress. Natural fractures may open in locations where there is
lower than average stress, and once opened, serve as initiation
sites for new fractures, which can then propagate through the
formation. In practice, reliable estimates of the intermediate
principal stress are difﬁcult to obtain, and so it may be difﬁcult
to evaluate how readily natural fractures may be opened.
Table 1 indicates that at some EGS projects, Ogachi, Rosema-
nowes, Hijiori (HDR-1), Le Mayet, and Fjällbacka, the bottomhole
ﬂuid pressure exceeded the minimum principal stress by 5 MPa or
more, indicating that a wide variety of natural fracture orienta-
tions should have been capable of opening (especially in the more
shallow projects, where the difference between the principal
stresses was less).
In simulation C, propagating fractures terminated when they
intersected natural fractures (as a model assumption). This pre-
vented a single continuous fracture from propagating across the
reservoir (as in simulation A2). Instead, continuous pathways for
ﬂow passed through both new and preexisting fractures. Even
though there were many places where new fractures had the
opportunity to form, ﬂow from the wellbore was primarily
localized into a single zone. Localization occurred because the
stresses induced by the fracture opening created a stress shadow,
increasing normal stress on the surrounding fractures. Simulta-
neously, the induced stresses created a concentration of tensile
stress in the y-axis direction, encouraging further propagation of
opening in the y-axis direction.
Stimulation localized into a region that was broadly perpendi-
cular to the minimum principal stress. The microseismic cloud
created by this type of deformation might look quite similar to the
cloud created by the propagation of a single planar fracture
(Section 3.4.9 of [4]). However, it is not necessarily a characteristic
of MMS that stimulation should form into a planar region
perpendicular to the minimum principal stress. Interactions
between newly forming fractures and a spatially variable natural
fracture network could cause MMS stimulation to be directed in
unpredictable directions and geometries.
Fig. 13 shows the ﬁnal fracture transmissivity distribution in
simulation C, zoomed in on a particular region near the wellbore.
Two natural fractures intersecting the wellbore have closed (walls in
contact) while the newly formed fractures (perpendicular to the
minimum principal stress) that propagate off them remain open.
During injection, the ﬂuid pressure was elevated so that the natural
fractures opened. During ﬂowback, the ﬂuid pressure drawdown
caused the open natural fractures to close, signiﬁcantly reducing their
transmissivity (there was no proppant), and hydraulically isolating the
open, newly formed fractures away from the wellbore. Over time, the
open fractures would be able to drain to the wellbore through the
closed natural fractures, but this would happen slowly because of the
relatively low transmissivity of the closed natural fractures.
The fracture closure events in simulation C led to a different
reservoir behavior during production than in simulation A1, where
only shear stimulation occurred and there was no fracture open-
ing. In simulation A1, ﬂuid pressure drew down gradually during
constant rate production, and rate decreased gradually during
subsequent constant pressure production (Fig. 11). In simulation C,
when the ﬂuid pressure was low enough, the natural fractures
intersecting the wellbore closed, causing a sharp decrease in the
wellbore's connection to the reservoir and an abrupt drop in
production rate and pressure (Fig. 12).
In simulation C, when the production period began, the ﬂuid
pressure was almost as high as it had been at the end of injection.
Fractures remained open in the reservoir, both in the newly
formed and natural fractures. It is unrealistic that the wellbore
pressure decreased only slightly during the one-week shut-in
period in the model. One reason was the lack of leakoff into the
matrix. Another cause of declining ﬂuid pressure after shut-in
may be the further propagation of hydraulic fractures and
spreading of ﬂuid into additional preexisting fractures [125].
The spreading of the stimulated region was artiﬁcially limited
during simulation C because the no-ﬂow boundaries at the edges
of the model.
With sufﬁcient pressure decline during shut-in, fracture closure
events could occur during the shut-in period. This would result in
a more subtle pressure signal than if closure occurred during
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production. The exceptionally sharp decline in rate and pressure
during simulation C is exaggerated by the modeling parameters
that caused the stimulated fracture transmissivity to be so low and
because the similarly oriented natural fractures all closed almost
simultaneously. Nevertheless, these closure events may be appar-
ent from pressure transient analysis, and in fact, were described by
[34] at the Fenton Hill Project. Pressure inﬂections during shut-in
may also be caused by episodic growth of the stimulated region, as
described in Section 4.1.2.
In actual reservoirs, whether closure events cause signiﬁcant
loss of fracture connectivity (and whether they are apparent in the
pressure transient) will depend on the transmissivity of the closed
fractures and the speciﬁcs of the fracture geometry. In some
reservoirs, like Soultz, the fracture network (which had thick,
porous fault zones) had relatively high transmissivity, even when
closed. But at other reservoirs, like Fenton Hill, the closed fractures
apparently had much lower transmissivity. Even in a reservoir like
Soultz, hydraulic fractures may form during injection, and they
may close and cause a loss of fracture connectivity (whether or not
this is apparent in the falloff pressure transient).
4.1.6. Diagnosing stimulation mechanism
The best way to diagnose stimulation mechanism would be to
stimulate a well and then core a second well through the region of
microseismicity. Ideally, the cored well would be drilled in the
direction of the minimum principal stress in order to ensure that it
encountered newly formed fractures (if present). Natural fractures
will typically contain mineralization that will be absent from
newly formed fractures, which could be used to identify whether
fractures encountered in the core are natural or newly created.
A tracer could be placed in the stimulation ﬂuid that could then be
identiﬁed in the core to see which fractures received ﬂuid during
stimulation. Flow tests could be performed in the cored well, and
ﬂow logs could identify which fractures are most important for
ﬂow. Several core-across projects from oil and gas stimulation
where newly formed and preexisting fractures were distinguished
were summarized by Mahrer [15].
There may be a signiﬁcant opportunity in future research to
identify pressure transient techniques for diagnosing stimulation
mechanisms. Techniques exist for post-injection closure analysis
to estimate the minimum principal stress assuming a single, linear,
continuous, opening mode fracture [126]. With a network of
multiple fractures of different orientations, different fractures
should close at different levels of pressure (as observed in
simulation C). Under these conditions, closure events may occur
at a ﬂuid pressure greater than the minimum principal stress (as
discussed in Section 4.1.5). These might be observed during either
shut-in or ﬂowback.
It has been hypothesized [34] that at Fenton Hill, multiple
fractures with different orientations were opened by injection.
Inﬂection points were identiﬁed in the shut-in pressure decline
curve, and it was hypothesized that these inﬂections represented
closures of particular fractures or sets of fractures at different
orientations. Development of new pressure transient techniques
for mixed-mechanism stimulation will require coupled simulation
of ﬂuid ﬂow and deformation. Closure would only be expected to
be visible during shut-in or ﬂowback if there was a large contrast
in transmissivity between open and closed fractures.
It has been proposed [119] that intentional injection at bottom-
hole ﬂuid pressure slightly below the minimum principal stress
could be performed as a “tendency for shear stimulation” (TSS)
test. At the Desert Peak EGS project, a tendency for shear
stimulation test was effectively performed [89,119]. Initially, injec-
tion rate was controlled to maintain the bottomhole ﬂuid pressure
below the minimum principal stress. An injectivity increase was
observed, but subsequent testing found that most of the increase
was temporary [89]. Regardless of the reason for the reversibility,
the result was that the formation experienced limited shear
stimulation. Subsequently, a higher rate injection was performed
where the ﬂuid pressure exceeded the minimum principal stress.
A substantially larger, permanent increase in injectivity was
achieved. It could be argued that the higher injection pressure
was required to cause the preexisting fractures to slip, but a critical
stress analysis prior to stimulation predicted that abundant
fractures were present that were capable of slipping at the
pressure used during the initial injection [127]. The more likely
explanation is that new hydraulic fractures propagated through
the formation during the high rate injection. The low rate injection
demonstrated that the formation had a relatively low tendency for
shear stimulation. Spinner logs during injection indicated the
localization of ﬂow into a handful zones, primarily a single zone
(Ethan Chabora, personal communication). Therefore, even though
new fractures formed, these new fractures either formed off
preexisting fractures or formed at the wellbore over only short
intervals.
At every EGS project except Desert Peak, injection has been
performed at speciﬁed rate (most often, several periods of con-
stant rate injection, with rate increasing in steps from one period
to the next). If a formation is unable to prevent excessive pressure
buildup during injection at a speciﬁed rate, the ﬂuid pressure will
rise until it reaches the minimum principal stress, potentially
causing the propagation of new fractures. After the stimulation, it
will be ambiguous to what degree stimulation was caused by new
fractures and by shear stimulation. Because bottomhole pressure
(BHP) was intentionally maintained below the minimum principal
stress during the low rate injection at Desert Peak, tensile fractur-
ing could not occur (except perhaps localized splay fractures), and
it was possible to demonstrate conclusively that shear stimulation
had limited effectiveness [119].
4.2. Stimulation mechanism and historic EGS projects
4.2.1. Degree of fault zone development
The presence of well-developed, thick fault zones should increase
the probability that pure shear stimulation is possible. Thick faults
provide storativity to contain injected ﬂuid and tend to be spatially
extensive, ensuring that there is a percolating natural fracture net-
work. Large faults are more likely to be naturally permeable, making
it more likely that there will be adequate initial transmissivity to
initiate shear stimulation. Once slip has initiated on the fault, the
interaction of induced stresses with ﬂuid ﬂow and transmissivity
enhancement can help propagate stimulation and prevent excessive
pressure buildup [4,54,119].
Of the ten EGS projects reviewed, the evidence suggests that
thick faults were present at three or four of them: Soultz, Cooper
Basin, Basel, and possibly Fjällbacka (Table 1). Soultz, Cooper Basin,
and Basel are the three projects where widespread seismicity
above magnitude 2.0 occurred [120]. The seismicity indicates that
there was more extensive fracture slip occurring at these projects
than at others (though aseismic slip could be an alternative
explanation for limited seismicity [108]).
According to the stress proﬁle described by Valley and Evans
[72], bottomhole ﬂuid pressure remained substantially below the
minimum principal stress during the stimulation of GPK2 at
Soultz. This is a rare EGS case where high rate stimulation was
performed, and ﬂuid pressure remained signiﬁcantly below the
minimum principal stress. Conversely, the wells GPK4 and GPK1
were the only examples that we found in the literature where ﬂow
was distributed uniformly along the wellbore, apparently indicat-
ing formation and propagation of an axial fracture [75]. At Cooper
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Basin, slip occurred on a large fault intersected by the well, but the
bottomhole pressure (BHP) nevertheless reached the minimum
principal stress (but did not exceed it substantially) [69,70].
Overall, the evidence from the literature is consistent with the
notion that larger thick faults increase the probability that pure
shear stimulation will be possible, but does not preclude the
possibility that speciﬁed rate injection could cause both propaga-
tion of new fractures and slip on the faults. We believe that of all
historic EGS projects, the projects at Soultz, Cooper Basin, and
Basel are most likely to have been dominantly shear stimulation,
though signiﬁcant propagation of new fractures is also possible.
GPK4 and GPK1 at Soultz are examples where a new tensile
fracture formed at the wellbore. At projects where thick, well-
developed faults were not present, mixed-mechanism stimulation
is more likely to have occurred.
4.2.2. Fenton Hill
Several lines of evidence from the Fenton Hill project support
the MMS hypothesis. Brown [34] described repeatable mini-frac
tests where the fracture opening and closure pressure was around
15 MPa greater than the inferred minimum principal stress. It was
hypothesized that this occurred because the natural fractures
opening at the wellbore were not oriented perpendicular to the
minimum principal stress. Brown [34] analyzed shut-in transients
after injection and identiﬁed two inﬂection points, one at the
inferred minimum principal stress and another at a higher
pressure value consistent with the inferred normal stress on the
predominant natural fracture orientation. Brown [34] noted that
opening/closure pressures during mini-frac tests were not ele-
vated above the minimum principal stress in the shallower phase I
Fenton Hill reservoir, which he attributed to the presence of
natural fractures nearly perpendicular to the minimum principal
stress at that depth.
During a one month period of circulation between an injector and
producer in the phase II Fenton Hill reservoir, a signiﬁcantly larger
volume of ﬂuid was injected than produced. Subsequently, the wells
were shut-in for three months and then the reservoir was vented
from the production well for two months. After the venting period,
the production well was shut-in. The bottomhole pressure (BHP)
built back up, trending towards the inferred value of the minimum
principal stress [34]. Brown [34] interpreted these results as showing
that most ﬂuid was stored in open fractures that were oriented
perpendicular to the minimum principal stress. Brown [34] believed
they were connected to the production well through the closed (low
transmissivity) natural fractures intersecting the wellbore, which
explained why the open fractures (presumably high transmissivity
because the walls are out of contact) could not be fully drained and
closed even after two months of venting.
The scenario described by Brown [34] is precisely what
occurred in simulation C (Fig. 13). In simulation C, production
caused the natural fractures that were not oriented perpendicular
to the minimum principal stress to close, hydraulically isolating
open fractures away from the wellbore. Brown [34] apparently did
not believe that these open fractures were newly formed, but we
believe it is reasonable to suppose new fractures formed (Section
1.5), especially because Brown [34] reports that natural fractures
oriented perpendicular to the minimum principal stress were not
present in the phase II reservoir. This conclusion may be clouded
by the apparent presence of a casing leak that may have created
some connection between the phases I and II reservoirs [34].
Brown et al. [33] described an experiment from the Fenton Hill
project that supports the mixed-mechanism hypothesis. During
mini-frac tests, impression packers indicated that ﬂuid was opening
natural fractures, rather than creating new tensile fractures. After the
mini-frac tests, ﬂuid recovery was surprisingly low. The Fenton Hill
staff had three hypotheses to explain the limited recovery: that ﬂuid
was leaking off into the matrix, that ﬂuid was leaking off into the
natural fractures, and that “snap-off” was occurring, where the
opened fracture was closing near the wellbore (this process has been
described theoretically by Hickman and Zoback [128]). To distinguish
between the possibilities, a mini-frac test was performed with
proppant, and almost full ﬂuid recovery was achieved. This result
supports the third hypothesis because the proppant would have
prevented closure of the fracture near the wellbore but would not
have prevented leakoff into the matrix or the natural fracture system.
Brown et al. [33] proposed that the “snap-off” observed was
due to closure of the natural fracture near the wellbore, but it is
also plausible that newly propagating natural fractures formed as
splays from the opened natural fracture, and the closing natural
fracture caused ﬂow restriction that hydraulically isolated the
open, newly formed fractures from the wellbore (as shown in
Fig. 13 during mixed-mechanism stimulation in simulation C).
Fig. 14 shows a schematic of these processes.
Aki et al. [129] reported the results of cross-borehole seismic
experiments at Fenton Hill that investigated the attenuation of
waves at different frequencies. They found that the results were
most consistent with a “highly complex fracture system consisting
of major discrete vertical cracks intersected by several inclined
joints” and that the vertical cracks were perpendicular to the
minimum principal stress. These results are consistent with the
MMS hypothesis (as demonstrated with simulation C) and the
interpretations described by Brown [34] and Brown et al. [33]. We
hypothesize that the inclined joints were natural fractures and the
vertical cracks were newly formed fractures. Aki et al. [129] did
not comment at length about the nature of the “vertical cracks”
they inferred to exist, but evidently, they believed them to be
newly formed. Aki et al. [129] explained “we use the word ‘joint’
referring to a naturally originated fracture and the word ‘crack’
referring to an artiﬁcially created fracture. The distinction, how-
ever, is not always clear because we sometimes do not know how a
fracture originated.”
Robinson [130] developed a discrete fracture network model of
the Fenton Hill phase II reservoir. The model described ﬂow
through the network but not the stimulation process itself.
Consistent with the conceptual model described above, he
designed a model with two sets of predominant joints: one with
opening pressure around 10 MPa (near the minimum principal
stress) and another with opening pressure around 22 MPa.
4.2.3. Rosemanowes
Pine and Batchelor [6] wrote an inﬂuential paper arguing that the
downward propagation of microseismicity from the injectionwells at
Rosemanowes was evidence for shear stimulation. Their argument
was based on an analysis showing that the trends in stress and
pressure with depth caused the tendency for shear stimulation to
increase with depth, while the tendency for tensile fracturing
decreased with depth. Therefore, they argued that a newly forming
tensile fracture should propagate upwards, but shear stimulation
along a natural fracture should propagate downwards.
McClure [131] discussed this interpretation of the Rosema-
nowes data. The data does seem inconsistent with the idea that
a single, continuous hydraulic fracture formed. Such a fracture
would have tended to propagate upward, and certainly would not
have propagated predominantly downward. However, the data
does not rule out an MMS interpretation. In the MMS hypothesis,
newly forming fractures form into a branching network of ﬂowing
fractures that also includes natural fractures. The propagation of
such a network would be very sensitive to the randomness of the
local fracture network, and in general, spreading of stimulation
and microseismicity may occur in any direction.
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McClure [131] discussed how Pine and Batchelor [6] neglected to
consider the effect of pressure gradient away from the well during
injection. As long as the fracture transmissivity was not extremely
high, there must have been a signiﬁcant pressure gradient through
the formation due to ﬂow. The pressure gradient would have tended
to make the propagation of stimulation more symmetrical, because
regions of the formation more distant from the well would have
lower ﬂuid pressure. According to the stress proﬁle given by Pine and
Batchelor [6], the tendency for shear stimulation was increasing only
very gradually with depth, around 1.7 MPa/km. Very likely, the
pressure gradient due to ﬂow was greater than 1.7 MPa/km, and this
should have prevented stress trends alone from controlling the
direction of propagation.
During the massive stimulation of RH15 at Rosemanowes, several
years after the stimulation described by Pine and Batchelor [6],
microseismicity propagated neutrally with respect to depth [132].
4.2.4. Proppant
Proppant has not been used widely in EGS projects, but in
several cases it has been emplaced successfully. This is relevant
because it is probably unlikely that a closed natural fracture, in
which the fracture walls are in contact and the aperture is held
open only by contacting asperities, could have sufﬁcient aperture
to permit signiﬁcant transport of proppant. Therefore, if natural
fractures accept signiﬁcant volumes of proppant during injection,
this suggests that the walls of these fractures separated, and the
fracture was “open”. During the same injection test, if axial
hydraulic fractures did not form at the wellbore, this would
demonstrate that it is possible to open (walls out of contact)
natural fractures at the wellbore without forming a new hydraulic
fracture at the wellbore.
As described in Section 4.2.2, the ﬁrst EGS experiment with
proppant was a small injection into a short isolated interval in
1974 at Fenton Hill [33]. In this experiment, proppant dramatically
increased ﬂuid recovery during ﬂowback.
The ﬁrst large EGS experiment with proppant was at the
Rosemanowes project in 1989. The injection was performed in
RH15, a deeper well drilled after the stimulation of RH12. Bennett
and Barker [133] reported that all of the proppant was apparently
placed into a single natural fracture intersecting RH15, and that zone
subsequently became the dominant zone for production in the well.
During a two-well circulation tests with RH15 as the producer, ﬂuid
recovery improved from 65% to 90% after the proppant placement
[133]. Parker [3] reported that the proppant worsened a thermal
short-circuit that had developed in the reservoir previously.
Proppant was placed successfully during the stimulation at
Fjällbacka [101] and Groβ Shönebeck [59]. The Groβ Shönebeck
project was not included in Table 1 because it was performed
partially in a sedimentary formation. In addition, proppant was
placed successfully at the Le Mayet project, and subsequently the
section of the well stimulated with proppant was observed to be
much more productive than the sections that were stimulated
only with water [98].
The use of wellbore imaging logs and production logs at Rose-
manowes and Le Mayet makes clear that the proppant was placed
into open natural fractures, not a newly formed axial tensile fracture
[98,133]. The investigators at Rosemanowes evidently believed that
the proppant placed was placed only in natural fractures, not that
any new fracture propagation occurred [3,133]. We hypothesize that
because natural fractures intersecting the wellbore opened, new
fractures could have initiated from the natural fractures and propa-
gated through the formation (Section 1.5).
4.3. Implications of mixed-mechanism stimulation for EGS
If signiﬁcant propagation of new fractures occurs in many or
most EGS projects, this would have major implications for the EGS
modeling and design. As reviewed in this paper, the great majority
of EGS modeling has assumed pure shear stimulation. If signiﬁcant
propagation of new fractures occurs during stimulation, modeling
codes need to be updated to include this process.
More broadly, consideration of different stimulation mechanisms
would open up new possibilities for EGS thinking and design. Which
mechanism would be best for economic EGS development: mixed-
mechanism or pure shear stimulation? If a particular mechanismwas
preferred, projects could be located in places with geological condi-
tions that make this mechanism more favorable.
Optimal stimulation design will depend on the mechanism of
stimulation. Therefore, prediction of stimulation mechanism
should be a fundamental part of stimulation design and overall
project planning. Stimulation designs in EGS are radically different
than in oil and gas. One reason for this difference is that high
temperatures create unique technical challenges. But another
reason is the apparently widespread belief that hydraulic fractur-
ing in EGS is so different that successful techniques from oil and
gas should not even be considered.
Proppant has not been used widely in EGS. This is surprising
because insufﬁcient well productivity is the most important issue
currently preventing broad adoption of EGS, and ﬁeld experience
using proppant in EGS wells has consistently demonstrated
increased productivity (Section 4.2.4). Researchers at Rosemanowes
Fig. 14. Schematic of the interpretations of the proppant injection experiment described by [33]. The black dot represents the wellbore, the blue fracture is a natural fracture
and the red fractures are newly formed. In panel (a), injection has opened the natural fracture intersecting the wellbore and splay cracks have propagated from it.
In panel (b), ﬂowback has closed the natural fracture, trapping ﬂuid in the open, newly formed fractures away from the wellbore. Panel (c) shows the interpretation of [33].
Here, injection opened the natural fracture, and then ﬂowback caused the fracture to close in the near wellbore region. Panel (d) shows that proppant has the effect of
maintaining the transmissivity of the natural fracture, allowing full recovery of the injected ﬂuid during ﬂowback.
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blamed proppant placement for worsening short-circuiting [3]. But
creating high transmissivity pathways through the reservoir should
be viewed as desirable as long as multiple high transmissivity
pathways can be developed.
There is apparently a widespread belief that the high trans-
missivity of self-propping fractures in granite should make prop-
pant unnecessary. But not all EGS projects are performed in
granite, and fractures in different types of rock may not self-prop
as effectively. Field-scale experience with EGS in granite has
suggested that self-propping fractures provide adequate, but not
spectacular, transmissivity. The project at Soultz has achieved
perhaps the highest permeability EGS reservoir to date, probably
because it involves ﬂow in large, thick, porous, highly fractured
fault zones (a best case scenario for natural fracture transmissiv-
ity). Nevertheless, a simple calculation based on a circulation test
between the wells GPK2 and GPK3 suggests that the total reservoir
transmissivity for ﬂow between the two wells is in the range of 3–
81013 m3 [134]. Laboratory experiments (from fractures in
other types of rock) suggest that the transmissivity of a single
propped fracture can reach 51013 m3, even at modest proppant
concentration and effective normal stress of 20 MPa or greater
[135]. Laboratory results should not be expected to apply directly
in the ﬁeld, but they suggest that more experimentation with
proppant in EGS is warranted.
There would be challenges associated with ﬁnding proppants
that can withstand the high pressures, high temperatures, and
reactive chemical environments that are found in EGS reservoirs,
which is why developing improved proppants should be a major
research priority. Recent work suggests that proppant coated with
surface-modiﬁcation agents (SMAs) may be much more resistant
to chemical degradation at high temperature than conventional
proppants [136].
Localization of ﬂow into one or a few discrete zones has been
a widespread problem in EGS wells (Table 1). Simulation C
demonstrates how localization is encouraged by concentrations
of stress ahead of crack tips (both shear and opening) and stress
shadows along the sides of opening and shearing fractures.
The best solution for preventing thermal short-circuiting would
be to use zonal isolation and perform multiple fracture stages in
wells drilled in an orientation as close as possible to the minimum
principal stress. Increasing the number of pathways for ﬂow would
also increase the overall ﬂow rate that could be achieved through
the system.
There would be challenges associated with building packers
that can withstand the high temperatures in EGS, which is why
developing high temperature technologies for zonal isolation
needs to be a major research priority. The Newberry EGS project
recently demonstrated the use of thermally degrading diverters to
create zonal isolation [137]. Another possibility is to investigate
cased hole techniques, such as “plug and perf” completions. In the
past, cemented casing completions have not been considered
because the focus on stimulating preexisting fractures has made
openhole completions seem mandatory. But cemented casing
completions should be considered because they would make zonal
isolation during stimulation easier to achieve [138].
In development of oil and gas resources from shale and tight
sands, the fossil fuel industry has embraced horizontal wells,
multiple stages with transverse fractures, and experimentation
to optimize proppant selection and pumping strategy [139].
These techniques have been used to enable economic produc-
tion from huge, low permeability resources. This is also the goal
of the EGS community. Modelers of stimulation in shale have
begun using a mixed-mechanism stimulation conceptual model
[21,23,140]. The EGS community may beneﬁt by adopting these
concepts that have been successfully applied in unconventional
oil and gas.
From a shear stimulation point of view, it may be argued that
EGS projects should attempt to intersect large, thick faults. At
projects like Cooper Basin and Soultz, ﬂuid ﬂow has tended to
localize into the large faults intersecting the wellbore. This has
been demonstrated to be an effective approach, but there may be
disadvantages to targeting large, thick faults. Sites with large faults
have had the most signiﬁcant induced seismicity [4,120]. Large
faults will tend to be in formations that already have signiﬁcant
natural permeability, leading to signiﬁcant ﬂuid loss during long
term circulation. Finally, shear stimulation will always be inher-
ently dependent on intersecting unpredictable and difﬁcult to
detect natural fracture networks and faults.
An alternative approach would be designed around the mixed-
mechanism concept. The approach would be to seek a site like
Fenton Hill, with extremely low initial permeability and without
well-developed faults. A horizontal well could be drilled in the
direction of the minimum principal stress, and a large number of
fracture stages could be performed from a cased well, possibly
using proppant and viscous gel. Higher ﬂuid viscosity during
stimulation tends to lead to a less complex fracture network
[141]. Complexity might be seen as desirable for preventing
short-circuiting, but it may not desirable if the goal is to create
a single, high transmissivity fracture pathway per stage. Multiple
stages would be used to minimize short-circuiting and to improve
ﬂow rate by creating an increased number of permeable paths for
ﬂow [138,142]. With a large number of stages, well spacing could
be reduced, increasing ﬂow rate through the system.
A second horizontal well could then be drilled near the ﬁrst, with
the location chosen based on the microseismicity in order to
maximize the likelihood of a good connection. If proppant was used,
it might be ideal to drill the second sell below the ﬁrst, since
proppant will tend to settle downward. The use of a denser ﬂuid
may encourage downward propagation of stimulation [143]. If the
injection well was deeper, temperature driven density differences
would modestly mitigate thermal short-circuiting, especially if the
system was steam/water (though this is less common). It would be
especially advantageous to have propped fractures in the vicinity of
the production well, where pressure will be lowest.
Design parameters such as the separation between the wells,
the number of stages, and the stage length would need to be
selected to maximizes net present value based on well cost,
stimulation cost, system transmissivity, and thermal break-
through. There would be signiﬁcant technical challenges to this
approach, but this concept represents a path forward for EGS with
a clear rational for why it would achieve better economic perfor-
mance than past designs.
5. Conclusions
We reviewed stimulation results from ten EGS projects and
found that they could be characterized broadly as having: (a)
pressure-limiting behavior, (b) ﬂow from discrete zones, and
(c) bottomhole pressure greater than the minimum principal
stress. It is often assumed that in EGS stimulation occurs through
induced slip on preexisting fractures. However, we hypothesize
that with the ﬂuid pressure above the minimum principal stress,
natural fractures at the wellbore may open, and new fractures may
form off them as splays or through extension of the fractures at
their tips. This concept (mixed-mechanism stimulation) can
reconcile the observation that ﬂow localizes to natural fractures
at the wellbore with the observation that ﬂuid pressure tends to
exceed the minimum principal stress during injection.
We used numerical simulations to demonstrate how pure shear
stimulation should only be possible in formations with adequate
initial fracture transmissivity, a percolating natural fracture network,
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and adequate fracture storativity (in addition to the conditions that
fractures must be present that are well-oriented to slip and that
experience sufﬁciently increased transmissivity in response to slip).
We also used modeling to demonstrate an example of mixed-
mechanism stimulation. We investigated how ﬂuid recovery and
connectivity could be affected by the presence of multiple frac-
tures with a variety of orientations, as would occur during mixed-
mechanism stimulation.
Better techniques are needed for diagnosing stimulation
mechanism. We suggested three: coring a well through the
stimulated region around an EGS well, pressure analysis of shut-
in or ﬂowback, and a “tendency for shear stimulation” test (the
latter was described in greater detail by McClure and Horne [119]).
We reviewed reports from the Fenton Hill EGS project and
discussed how observations from that project are consistent with
the mixed-mechanism concept. We reviewed how results from
injection below the minimum principal stress at the Desert Peak
project demonstrate that shear stimulation was only modestly effec-
tive at creating stimulation and how injection above the minimum
principal stress – probably causing propagation of new fractures – was
more effective. We provided an alternative interpretation to the
arguments made by Pine and Batchelor [6] that the downward
propagation of stimulation at Rosemanowes indicates that shear
stimulation was occurring, not propagation of new fractures.
We discussed potential implications of mixed-mechanism sti-
mulation for development of EGS. According to the mixed-
mechanism hypothesis, signiﬁcant fracture opening and propaga-
tion occurs at many EGS projects. This could impact stimulation
design, site selection, and modeling and lead to entirely different
approaches for EGS design.
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